Operational Performance: Hirokazu KANO, et al. Japan Bioassay Research Center, Japan Industrial Safety and Health Association-In order to obtain bioassay data for carcinogenicity and chronic toxicity of an organic solvent being absorbed into the body through multiple media by inhalation and ingestion, an exposure system for combined inhalation and oral exposures of rats to the organic solvent was constructed. Operational performance of the system was examined by monitoring air and water concentrations of chloroform or 1,4-dioxane in both an inhalation exposure chamber and an automatic watering system, while groups of 50 male rats each were exposed to chloroform or 1,4-dioxane by inhalation for 6 h/d, 5 d/wk and 104 wk and by water drinking for 24 h/d and 7 d/wk throughout the 104 wk. D a y -t o -d a y a n d t i m e -t o -t i m e v a r i a t i o n s i n concentrations in the exposure chamber were maintained at less than 0.8% C.V. and 4.8% C.V., respectively, in the case of chloroform, and less than 1.2% and 8.1%, respectively, in the case of 1,4-dioxane. The mean 6-h averaged concentrations deviated by l e s s t h a n 0 . 4 % f r o m t h e r e s p e c t i v e t a r g e t concentrations for all sets of the combined exposures. The watering system which was composed of a drinking valve, in-between piping, a container and a solenoid drainage valve was used for giving ad libitum drinking water containing 1000 ppm chloroform or 1,4-dioxane to rats. Mean water concentrations of chloroform and 1,4-dioxane were attenuated by 3-8% and by 1% in the container after 1-week's supply, respectively. It was concluded that this exposure system can give accurate and reproducible air and water concentrations of Received Nov 6, 2001; Accepted Jan 22, 2002 Correspondence to: H. Kano, Japan Bioassay Research Center, Japan Industrial Safety and Health Association, 2445 Hirasawa, Hadano, Kanagawa 257-0015, Japan chloroform and 1,4-dioxane for long-term combined inhalation and oral exposure. (J Occup Health 2002; 44: 119-124) 
It is of prime importance to characterize the toxicity and carcinogenicity of hazardous chemicals for risk assessment in bioassay studies by long-term inhalation and/or oral administration of those chemicals. Because workers are exposed to organic solvents principally by inhalation and skin absorption, toxicity and carcinogenicity data obtained from inhalation exposure of rodents to the organic solvents are more important for risk assessment than those from oral administration 1) . On the other hand, data on toxicity and carcinogenicity obtained from oral administration of those chemicals to rodents are essential for the risk assessment of trichloroethylene in underground water and chloroform in chlorinated drinking water. Chloroform is reported to be present in atmospheric and indoor air, drinking water, swimming pool water and some foodstuffs, in addition to workplace air 2) . Environmentally ubiquitous presence of 1,4-dioxane in atmospheric air and river water is also reported 3) . Community residents and workers are at health risk from exposure to chloroform through the multiple media, and the chemical is absorbed into the human body through the respiratory tract, the skin and the gastrointestinal tract. It remains unknown, however, whether the combined administration of chloroform or 1,4-dioxane by inhalation and water-drinking produces additive, synergistic or antagonistic health effects. Data on toxicity and carcinogenicity obtained from combined inhalation and oral exposure of rodents to chloroform and 1,4-dioxane would be needed for health risk assessment of environmentally ubiquitous chemicals such as chloroform and 1,4-dioxane to which humans are exposed through the multiple media.
The present study was therefore undertaken to construct a new exposure system for combined administration of an organic solvent to rodents by inhalation and waterdrinking. Chloroform and 1,4-dioxane were used to examine the operational performance of this exposure system for its long-term use in the bioassay study of carcinogenicity and chronic toxicity, because these two chemicals have different physico-chemical properties such as vapor pressure and water solubility. Results on chronic toxicity and carcinogenicity obtained from the present study will be submitted separately for publication in the near future. Fig. 1 shows a schematic diagram of an exposure system designed for long-term use in the bioassay study on rodents. The system was composed of two parts: a stainless steel and glass chamber 4300 l in volume for inhalation exposure and an automatic watering system for drinking either chemical-containing water or vehicle water.
Materials and Methods

Exposure system
The inhalation exposure chamber accommodated a total of 50 stainless-steel wire mesh cages in which rats were individually housed. The chamber temperature, the relative humidity of chamber air, the air flow rates and the pressure in the chamber were measured at one hour intervals, and maintained strictly in the ranges 22 ± 2°C, 55 ± 10%, 860 l/min and 5~ 15 mmH 2 O, respectively. Fluorescent lighting was controlled automatically to give a 12-h light (08:00-20:00)/dark (20:00-08:00) cycle.
Chloroform and 1,4-dioxane were used in the present study. Either airflow containing 0 (clean air only), 25, 50 or 100 ppm (v/v) chloroform or airflow containing 0 (clean air only), 50, 250 or 1250 ppm (v/v) 1,4-dioxane as a target concentration was prepared by a vaporization technique. The saturated vapor-air mixture was generated by bubbling clean air through the liquid of chloroform or 1,4-dioxane in a temperature-regulated glass flask, and by cooling it through a thermostatted condensor. The airflow containing the saturated vapor was diluted with clean air and then warmed in a thermostatted circulator which served to stabilize the vapor concentration by complete gasification of chloroform or 1,4-dioxane and by buffering the pressure difference between the glass flask and the inhalation chamber. The vapor-air mixture flow rate was regulated with a flow meter, further diluted with humidity-and temperature-controlled clean air in a spiraling line mixer, and then supplied to the inhalation exposure chamber. Chamber concentrations of chloroform or 1,4-dioxane vapor were monitored by gas chromatography once every 15 min. The automatic watering system was composed of a drinking valve (Edstrom Industries, Inc., Wisconsin, USA), in-between piping, a drinking-water container and a solenoid drainage valve, all of which were made of stainless steel. Drinking water containing 1000 ppm (w/ w) chloroform or 1000 ppm (w/w) 1,4-dioxane was prepared by dissolving the liquid of chloroform or 1,4-dioxane in UV-irradiated, deionized and filtered water in the container. After mixing vigorously for 2 h in order to completely dissolve the chloroform or 1,4-dioxane in the water, the container was connected to the watering system, and pressurized to 0.1 MPa for chloroform and 0.05 MPa for 1,4-dioxane. The chloroform-or 1,4-dioxanecontaining water or vehicle water was replaced with the newly prepared drinking water once a week. Absence of spilling of drinking water was confirmed once a week by adjusting the sipper tube of the drinking valve. In the preliminary experiment, water concentrations of chloroform were measured with a gas chromatograph by collecting water samples at the tip of the sipper tube and in the container at two different times on the day of preparation and at the termination of the 1-wk supply. Container concentrations of chloroform or 1,4-dioxane were checked once every 3 months during the 2-yr study period, in order to confirm the analytical results obtained in the preliminary experiment.
Chemical
For use in inhalation exposure, chloroform (purity greater than 98.86%) and 1,4-dioxane (purity greater than 99.9%) were purchased from Wako Pure Chemical Industries, Ltd (Tokyo, Japan). For use in oral administration, chloroform (purity greater than 98.65%) and 1,4-dioxane (purity 100%) were purchased from Dojindo Laboratories (Kumamoto, Japan).
Animal
Male F344/DuCrj rats (SPF) were purchased from Charles River Japan, Inc (Atsugi, Japan) at the age of 4 wk, and used for the exposure experiment at the age of 6 wk.
Long-term running of the exposure system
Upon complete construction of the combined exposure system, its operational performance was checked by using this exposure system for two 2-yr carcinogenicity bioassays. Groups of 50 male rats were exposed by inhalation to three different doses of vapor-containing air or clean air for 6 h/d, 5 d/wk and 104 wk and by ad libitum drinking of chemical-containing water or vehicle water for 24 h/d, 7 d/wk and 104 wk. Concentrations for chloroform exposure were 25, 50 or 100 ppm in the inhalation exposure chamber and 1000 ppm in drinking water. Concentrations for 1,4-dioxane exposure were 50, 250 or 1250 ppm in the inhalation exposure chamber and 1000 ppm in drinking water. The following sets of exposures were prepared for chloroform: inhalation exposure to 100 ppm in air with oral administration to 1000 ppm in water (Inh-100 + Orl-1000 ppm), Inh-50 + Orl-1000 ppm, Inh-25 + Orl-1000 ppm, Inh-0 + Orl-1000 ppm, Inh-100 + Orl-0 ppm, Inh-50 + Orl-0 ppm, Inh-25 + Orl-0 ppm and Inh-0 + Orl-0 ppm as a control group. In the case of 1,4-dioxane, the following sets of exposure were prepared: Inhalation exposure to 1250 ppm air with oral administration of 1000 ppm water (Inh-1250 + Orl-1000 ppm), Inh-250 + Orl-1000 ppm, Inh-50 + Orl-1000 ppm, Inh-0 + Orl-1000 ppm, Inh-1250 + Orl-0 ppm, Inh-250 + Orl-0 ppm, Inh-50 + Orl-0 ppm and Inh-0 + Orl-0 ppm as a control group.
Results
Chloroform: Table 1 shows two kinds of variations in the air concentrations of chloroform in the inhalation exposure chamber. The time-to-time variations in chloroform concentrations within the single exposure day were found to be less than 4.8% in the coefficient of variation (C.V.) for the six different inhalation exposures. The day-to-day variations were less than 0.8% in C.V. Deviations in the means of the 6-h average concentrations from the corresponding target concentrations were found to be less than 0.4% for all the inhalation exposures.
In our preliminary experiment with the chloroformcontaining water at a target concentration of 1000 ppm, the initial concentration was 1005 ± 17 ppm (mean ± SD) in the container and 960 ± 13 ppm at the tip of the sipper tube. After a 1-wk supply, the water concentration decreased to 915 ± 18 ppm (91%) in the container and to 785 ± 26 ppm (82%) at the tip of the sipper tube, but the sipper tube concentration was restored to 868 ± 59 ppm (90%) immediately after discarding 10 ml of the drinking water from the sipper tube. As shown in Table 1 , this preliminary analytical result was confirmed by the present analysis showing that the initial container concentrations were maintained with a decrease of only 3-8% after a 1-wk supply. Table 1 also shows that the means of the observed initial concentrations of chloroform in the drinking water deviated by 0.9-1.8% from the corresponding target concentrations. Fig. 2 shows timecourse changes in the water consumption by 50 male rats given ad libitum either chloroform-containing water or vehicle water, in comparison to the Japan Bioassay Research Center's historical data on water consumption of another 100 male rats given water with a conventional glass bottle. The amounts of vehicle water consumed by the rats given with the automatic watering system were in good agreement with our historical data on water consumption given with the conventional glass bottle chloroform vapor with oral administration of 1000 ppm chloroform and the inhalation exposures only without the oral administration of chloroform.
1,4-Dioxane: Table 2 also shows two kinds of timeto-time and day-to-day variations in air concentrations of 1,4-dioxane in the inhalation exposure chamber. The time-to-time variations in 1,4-dioxane concentrations within the single exposure day were found to be less than 8.1% in C.V. for the six different inhalation exposures. The day-to-day variations were less than 1.2% in C.V. Deviations in the means of the 6-h average concentrations from the corresponding target concentrations were found to be less than 0.4% for all the inhalation exposures. In our preliminary experiment with the 1,4-dioxanecontaining water at the target concentration of 1000 ppm, the initial concentration was attenuated only by 1% in the container after the 1-wk supply. Table 2 also shows that the means of the observed initial concentrations of 1,4-dioxane in the drinking water deviated by 0.5-1.2% from the corresponding target concentrations.
Discussion
There are at least two basic criteria for evaluating the operational performance of the exposure system for the combined administration of an organic solvent to rodents by inhalation and water-drinking for long-term use in toxicity and carcinogenicity bioassay studies. First is the preparation of stable concentrations of both the organic solvent vapor-air mixture and the organic solventcontaining drinking water. Second is the high reproducibility of the day-to-day concentrations and their minimal deviations from the desired target concentrations throughout the 104-wk period. It was worth noting that there was no difference in the chamber concentrations of chloroform observed in the vicinity of the animal cage between the combined exposures to 25, 50 and 100 ppm throughout the long-term period of the bioassay study. The exposure system constructed here was found to meet these two criteria on the basis of the present results of operational performance with chloroform and 1,4-dioxane: Deviations of the time-averaged concentrations from the corresponding target concentrations were less than 0.4% in the inhalation exposure system and less than 1.8% in the automatic watering system for the two organic solvents. The time-to-time concentrations of chloroform within a single exposure day were found to fluctuate within 4.8% C.V., and the day-to-day fluctuation in the concentrations was less than 0.8% C.V. The time-to-time concentrations of 1,4-dioxane within a single exposure day were found to fluctuate within 8.1% C.V., and the day-to-day fluctuation in the concentrations was less than 1.2%. Good preparation of the stable and accurate concentrations of chloroform vapor-or 1,4-dioxane vapor-air mixture can be attributed primarily to additional setting-up of a warming circulator and dilution of the saturated vapor with the by-passed clean air before the circulator. This circulator served effectively for stabilizing the concentration of organic solvent vapor by complete gasification of chloroform or 1,4-dioxane and by the buffering difference in aerial pressure between the inhalation exposure chamber and the glass flask containing the liquid of chloroform or 1,4-dioxane.
Good supply of the chloroform-or 1,4-dioxanecontaining drinking water with limited attenuation of the initial concentration in this automatic watering system can be attributed mainly to the use of all stainless steel lining without the use of any silicone, plastics or rubber which would absorb and penetrate organic solvents such as chloroform and 1,4-dioxane. Secondly, pressurized air above the surface of the container at 0.1 MPa for chloroform and 0.05 MPa for 1,4-dioxane served effectively to maintain a constant supply of water at the sipper tube and to suppress evaporation of the chloroform or 1,4-dioxane inside the watering system. The 18% decrease in the chloroform concentration in the drinking water collected after the 1-wk supply is presumed to be due to evaporation of chloroform at the tip of the sipper tube, because the water concentration decreased only by 10% at the same sampling site immediately after discarding 10 ml of the drinking water from the sipper tube. This also reveals that the sipper tube concentration of chloroform behind the drinking valve was maintained at the same level as the container concentration throughout the 1-wk supply period. On the other hand, there was no virtual attenuation in the water concentration of 1,4-dioxane in the container after the 1-wk supply, indicating that 1,4-dioxane in the drinking water may not emanate from the tip of sipper tube in this automatic watering system. Good agreement between the water consumption of control rats using this automatic watering system and the Japan Bioassay Research Center's historical data on water consumption with a conventional glass bottle can be taken to indicate the suitability of this automatic watering system for long-term use in a bioassay study. Our preliminary experiment with a conventional glass bottle with a silicone fitting resulted in a more than 60% decrease in chloroform concentration in the drinking water after a 1-wk supply and a large amount of water spilled from the sipper tube of the glass bottle, probably due to an increase in pressure in the air volume in the upside-down bottle, but Jorgenson et al. 4) reported that this difficulty was overcome by using the double-balled sipper tube for the glass bottle.
No apparent difference was found in the chamber concentrations of chloroform or 1,4-dioxane between the combined administration by inhalation and water-drinking and the inhalation exposure only. This result can be interpreted as ruling out the possibility that additional inhalation exposure to chloroform or 1,4-dioxane vapor emanating from the drinking valve occurred in the combined administration by inhalation and waterdrinking.
It can be concluded from the present results of operational performance that this exposure system can give accurate and reproducible air and water concentrations of chloroform and 1,4-dioxane for the long-term combined inhalation and oral exposures, although these two compounds possess different physicochemical properties: high vapor pressure at room temperature and low water-solubility of chloroform in contrast to low vapor pressure at room temperature and high water-solubility of 1,4-dioxane. Our 2-yr bioassay studies of two other organic solvents such as vinyl acetate and 1,2-dichloroethane are now under way with 8 sets of this combined exposure system. It was found that the stability and accuracy of air and water concentrations of vinyl acetate and 1,2-dichloroethane were maintained at the same levels as in the present study. This combined exposure system may also be used for long-term supply of both the vapor-air mixtures and drinking water containing organic solvents at low concentrations close enough to environmentally relevant levels to permit determination of no-adverse effect levels (NOAEL) and the lowest-adverse effect level (LOAEL) for biologically significant endpoints of the exposed rodents.
